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I. INTRODUCTION AND AIM OF THE WORK 
 
Nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful 
techniques for investigation of structural, dynamical properties and interactions of 
molecules at atomic resolution. By now, it has become a method that is widely used in 
most fields of chemistry and in structural biology as well. High quality NMR spectra 
are very much needed if one would like to gain reliable information from the 
measurements. Sensitivity and resolution are the two key parameters which primarily 
determine the quality of an NMR spectrum. In the last two decades the sensitivity of 
NMR measurements has increased by more than an order of magnitude, due to 
electronical improvements, higher magnetic fields and the introduction of 
cryogenically cooled probes. In contrast, the spectral resolution has been enhanced by 
only a factor of two if we compare the highest magnetic field spectrometers available 
today with the ones operated 20 years ago in terms of resolution. Therefore, there is a 
continuous demand for developing methods which can improve the resolution of NMR 
spectra.  
Signal overlaps being present the most often in 1H spectra originate from the 
limited chemical shift range (~10-15 ppm) on the one hand, and from the extensive 
signal splittings due to homonuclear proton-proton couplings on the other hand. In 
contrast, in a broadband homonuclear decoupled 1H spectrum – as it is shown in Figure 
1 – each multiplet has collapsed to singlet, which gives rise to several advantages. First 
and foremost, spectral resolution increases significantly, signal overlaps are minimized 
or totally absent, which is absolutely useful in the evaluation of spectra of 
macromolecules and mixtures (e.g. diastereomers, reaction product mixtures, 
metabolites). Secondly, the determination of NMR parameters (e.g. chemical shifts, 
heteronuclear coupling constants) becomes simpler and more precise due to the 
simplification of the spectra. Finally, automatic peak picking is applicable and more 
efficient owing to the singlet lines, thus the time needed for evaluation of complex 
spectra is significantly reduced. 
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Figure 1. Comparison of broadband homonuclear decoupled 1H (a) and normal 1H (b) spectra 
 
Due to the foreseeable advantages, several methods were proposed for 
broadband homonuclear decoupling in the decades before the turn of the millennium. 
However, all these techniques are applicable only in the indirect dimension of two-
dimensional NMR spectra and require complicated data processing, and some of them 
considerably reduce sensitivity compared to the regular ones. Thus these methods have 
not found widespread applications. In recent years, there has been a revival in the field 
of broadband homonuclear decoupling (also known as pure shift NMR) owing to the 
novel ideas published in the literature. One of the greatest advantages of these new 
methods is the possibility to utilize them in multidimensional, proton-detected 
experiments for simplification of signals and so, for increasing resolution. 
In 2012 our research group also joined to this dynamically growing NMR 
methodological research field with the goal of increasing the efficiency of NMR 
experiments by building in pulse sequence elements capable of broadband 
homonuclear decoupling. On the one hand, our aim was to develop broadband proton-
decoupled, heteronuclear correlation experiments, which yield enhanced resolution 
and efficient water suppression. On the other hand, we planned the improvement of 
methods applicable to the determination of one- and multiple-bond heteronuclear 
coupling constants by broadband homonuclear decoupling. Our goal was also to 
demonstrate the utility of the developed methods for the measurement of various 
heteronuclear coupling constants in carbohydrate derivatives. 
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II. EXPERIMENTAL SECTION 
 
 All experiments were performed at 11.75 T (500 MHz for 1H) on a Bruker 
Avance II NMR spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) 
equipped with a BBI (broadband, inverse) or a TXI (triple-resonance, inverse) z-
gradient probe. All spectra were processed, evaluated and plotted with TopSpin 2.1 or 
3.0 (Bruker Biospin GmbH, Karlsruhe, Germany). 
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III. NEW SCIENTIFIC ACHIEVEMENTS 
 
1. The conventional HSQC experiment was improved by broadband homonuclear 
decoupling based on BIRDd pulse sequence element. 
 
We inserted the BIRDd (BIlinear Rotation Decoupling) block and a non-
selective 180° proton pulse into the HSQC (Heteronuclear Single Quantum 
Correlation) pulse sequence before the proton detection period to achieve broadband 
homonuclear decoupling. The timing and phase program of the pulses of the 
experiment, which has utilized the interferogram-based acquisition strategy, was 
optimized by performing measurements on simple carbohydrate derivatives. The 
characteristic multiplet structure of correlation peaks was simplified in the spectra 
obtained (Figure 2). 
The method developed was compared with the only, previously published 
proton-decoupled HSQC experiment. We found that our method was more robust, 
namely, it was less sensitive for the changes in the duration of INEPT (Insensitive 
Nuclei Enhanced by Polarization Transfer)/BIRD delays adjusted to the one-bond 
heteronuclear coupling constant. 
An additional advantageous side-product of the BIRDd pulse sequence element 
employed in the acquisition scheme is the efficient suppression of undesired long-
range correlation peaks arising from strong coupling effects (Figure 2). 
 
Figure 2. Comparison of 1H-13C HSQC spectra and selected carbon traces recorded without (a) 
and with (b) broadband proton decoupling for sucrose. Long-range correlation artifacts resulting 
from strong coupling effects in spectrum (a) are labeled with asterisks (*). 
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We incorporated BIRD decoupling into a modified perfect echo pulse sequence 
to create what we term a “perfectBIRD” pulse sequence element, which can remove 
splittings arising from geminal proton-proton couplings as well. With this the 
greatest disadvantage of BIRD decoupling was eliminated. 
 
 
2. A real-time (instant) broadband homonuclear decoupled variant of the 
sensitivity-enhanced 1H-15N HSQC method was developed for measuring 
biological samples in H2O. 
 
After a careful optimization, efficient water suppression was achieved in the 
real-time broadband proton-decoupled experiment using gradient pairs of 
appropriate length and strength around the BIRDd block and the non-selective 180° 
proton pulse during acquisition. 
We showed that the method developed was suitable for recording 1H-15N 
HSQC spectra of small proteins dissolved in H2O even at natural 15N isotopic 
abundance (Figure 3). 
 
 
Figure 3. 1H-15N sensitivity-enhanced HSQC spectra of unlabeled mutant PAFD55N (55 amino 
acids) protein in 95 % H2O / 5 % D2O without (black, lower) and with (red, upper) real-time 
homonuclear decoupling. The pure shift spectrum is shifted in the nitrogen dimension 
for easier comparison. 
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3. Interferogram-based broadband proton-decoupled CLIP/CLAP-HSQC 
methods were established for the determination of one-bond heteronuclear 
coupling constants. 
 
Broadband homonuclear decoupling was achieved by applying an appropriate 
combination of BIRDd pulse sequence element and a non-selective 180° proton pulse 
in the CLIP/CLAP-HSQC (CLean In-Phase/CLean Anti-Phase) experiments, being 
widely used for the measurement of one-bond heteronuclear couplings. With this 
novel method, the determination of one-bond heteronuclear coupling constants is 
simplified to the measurement of frequency differences between singlet maxima. As 
a result, accurate and reliable coupling values are provided even in the case of 
molecules with complex proton-proton coupling network (Figure 4). 
 
 
Figure 4. Comparison of 1H-13C CLIP-HSQC (a) and broadband proton-decoupled 1H-13C 
CLIP-HSQC (b) spectra and selected carbon traces 
 
We investigated the robustness and tolerance of the experiments developed 
with regard to the mismatch of BIRD/INEPT delays. To this end, the duration of 
corresponding delays was adjusted to nominal values of one-bond heteronuclear 
couplings ranging from 100 to 180 Hz. It was found that signal intensities were 
significantly degraded when the delays were misset with respect to the real value of 
coupling constant, but the pure absorptive quality of the lineshapes remained 
basically unaffected. This finding predicted the potential utility of the method for 
anisotropic samples as well, in which the net coupling constants show large 
variation. 
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With measurements carried out in weakly-orienting medium we proved that the 
proton-decoupled CLIP/CLAP-HSQC method could be utilized for determination of 
RDCs (Residual Dipolar Couplings), which provide important structural and 
dynamical information (Figure 5). 
 
 
Figure 5. Comparison of 1H-13C CLIP-HSQC (a) and broadband proton-decoupled 1H-13C 
CLIP-HSQC (b) spectra and selected carbon traces in anisotropic medium. Correlations of the 
orienting medium are labeled with asterisks (*). The determination of 1DCH residual dipolar 
coupling (RDC) is illustrated at the bottom right inset. 
 
By inserting the perfectBIRD pulse sequence element into the CLIP/CLAP-
HSQC experiments we established an NMR method which has allowed the 
determination of one-bond heteronuclear couplings – even in the case of 
diastereotopic methylene hydrogen atoms – by simply measuring frequency 
differences between singlet maxima. 
 
 
4. Broadband proton-decoupled CLIP/CLAP-HSQC method was improved by 
the real-time acquisition strategy. 
 
The broadband homodecoupled CLIP/CLAP-HSQC experiments were 
considerably speeded up with the application of real-time, windowed decoupling 
during acquisition compared to the interferogram-based ones, so much so that the 
sensitivity of the original, proton-coupled method was retained. 
According to our observations, real-time decoupling can bias the heteronuclear 
coupling constants significantly as a function of the proton offset frequency and the 
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duration of BIRD delay. We proved that the systematic errors could be minimized 
with complex phase sequencing and cycling of pulses applied during acquisition. 
The dependence of heteronuclear coupling constants from proton offset 
frequency and duration of BIRD delay was systematically investigated for 
improving and optimizing the phase program. The experiment with the optimized 
phase program is suitable for the determination of one-bond 1H-15N coupling 
constants of small proteins even in weakly-orienting medium. 
 
 
5. We developed an interferogram-based, slice-selective broadband homonuclear 
decoupled CPMG-HSQMBC method for the accurate determination of 
multiple-bond heteronuclear coupling constants. 
 
A slice-selective, Zangger-Sterk (ZS)-type pulse sequence element was 
inserted into the CPMG-HSQMBC (Carr-Purcell-Meiboom-Gill Heteronuclear 
Single Quantum Multiple-Bond Correlation) experiment before the proton detection 
period to remove the undesired splittings caused by proton-proton couplings from 
the detected signals. As a result the determination of long-range heteronuclear 
coupling constants was simplified to measure frequency differences between singlet 
maxima even in the case of molecules with complex proton-proton coupling 
network (Figure 6). 
 
Figure 6. Comparison of Zangger-Sterk homonuclear decoupled 1H-31P CPMG-HSQMBC (a) 
and 1H-31P CPMG-HSQMBC (b) spectra 
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It was demonstrated on phosphorus containing model compounds that a broad 
range (~ 2-26 Hz) of multiple-bond heteronuclear coupling constants could be 
measured in a single experiment using our new method (Figure 6). 
We determined several nJSeH values in diglycosyl-(di)selenides, which was not 
possible with earlier methods due to signal distortions caused by proton-proton 
couplings. 
The utility of ZS-decoupled CPMG-HSQMBC was also demonstrated for the 
measurement of long-range 1H-13C coupling constants. However, this experiment 
was successful only with highly concentrated (~ M range) samples owing to the 
significant sensitivity drop caused by slice-selection and to the unfavorable natural 
abundance of the 13C nucleus. 
 
 
6. The real-time version of Zangger-Sterk broadband proton-decoupled CPMG-
HSQMBC method was established. 
 
The ZS CPMG-HSQMBC experiment was considerably speeded up with the 
application of real-time, windowed decoupling during acquisition compared to the 
corresponding interferogram-based one. The limitations of the real-time acquisition 
strategy, namely, occurrence of some line broadening and artefacts reducing the 
quality of spectra were also evaluated. 
We showed that if the spin system and assignment of the molecule studied were 
known in advance, the sensitivity of the experiment could be significantly enhanced 
by applying multiple-frequency modulated pulses. In this case each proton 
resonance can be detected from multiple slices of the sample if proton offsets are 
suitably chosen to avoid accidental recoupling effects. 
According to our observations the real-time Zangger-Sterk CPMG-HSQMBC 
method can be utilized for the determination of multiple-bond heteronuclear 
coupling constants only in those molecules where the proton resonance frequency 
difference of coupling partners is at least 90-100 Hz. Thus, properly short (max. ~10 
ms) selective proton pulse can be used in the proton-proton refocusing blocks during 
acquisition. 
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7. The CPMG-HSQMBC experiment was improved by utilizing interferogram-
based PSYCHE broadband homonuclear decoupling. 
 
The PSYCHE (Pure Shift Yielded by CHirp Excitation) scheme inserted into 
the CPMG-HSQMBC pulse sequence efficiently eliminates the unwanted proton-
proton splittings from the heteronuclear multiplets, and so the desired multiple-bond 
heteronuclear coupling constants can be determined directly and precisely from the 
pure antiphase doublets (Figure 7). 
 
Figure 7. Comparison of representative correlation peaks of PSYCHE 1H-13C CPMG-HSQMBC 
and 1H-13C CPMG-HSQMBC 2D spectra 
 
A pronounced advantage of the PSYCHE CPMG-HSQMBC experiment in 
contrast with the ZS-decoupled method is that the nature (characteristics) of the 
proton spin systems involved practically has no effect on the efficiency of 
homonuclear decoupling. Consequently, the PSYCHE experiment can be performed 
without tedious fine-tuning of experimental parameters from sample to sample. 
In case of molecules with less than 50 Hz resonance frequency difference of 
the proton coupling partners, the PSYCHE CPMG-HSQMBC can provide nearly an 
order of magnitude enhancement in sensitivity compared to the interferogram-based 
ZS-decoupled method (Figure 8). Note that the real-time version of ZS-decoupled 
experiment is not applicable either in this case (see thesis statement 6, paragraph 3). 
The performance of PSYCHE CPMG-HSQMBC method was illustrated by 
measuring 3JCH and 3JSeH values in various carbohydrates. These data are conveying 
valuable information on the conformations around the glycosidic linkages. It is 
important to note that extraction of the corresponding couplings from the 
conventional, proton-coupled HSQMBC multiplets may demand computer-aided 
fitting procedures or may even be impeded by partial signal cancellations in the 
mixed-phase signals. 
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Figure 8. Comparison of PSYCHE 1H-13C CPMG-HSQMBC (a) and ZS 1H-13C CPMG-
HSQMBC (b) 2D spectra and selected carbon traces of a heparin-analog trisaccharide
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IV. POSSIBLE APPLICATIONS OF THE RESULTS 
 
During our research we have joined to that dynamically growing area of NMR 
spectroscopy which has been focusing on the improvement of NMR methods’ 
performance by building in various pulse sequence elements capable of broadband 
homonuclear decoupling. In line with this, we have developed such broadband proton-
decoupled, heteronuclear correlation experiments that yield enhanced spectral 
resolution and allow automatic peak picking during spectral analysis. As a result, these 
novel experiments can considerably help the assignment of NMR spectra of complex 
molecules and multicomponent systems (e.g. mixtures of diastereomers or reaction 
products, metabolites), and so the structure elucidation or verification of these 
compounds. On the other hand, broadband homonuclear decoupled NMR methods 
providing spectra devoid of undesired proton-proton splittings have been developed 
for precise and direct determination of one- and multiple-bond heteronuclear coupling 
constants, which are invaluable and widely applied tools for structure elucidation and 
conformational analysis of organic compounds. 
 In conclusion, as our improved NMR methods provide more precise and reliable 
data to disclose structure-activity relationships than the earlier ones, thus they may 
contribute to the rational design and development of drug substances with improved 
biological profile. 
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